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Abstract
Introduction: Fibromyalgia is a chronic pain syndrome with unknown etiology. Recent studies have shown some 
evidence demonstrating that oxidative stress may have a role in the pathophysiology of fibromyalgia. However, it is still 
not clear whether oxidative stress is the cause or the effect of the abnormalities documented in fibromyalgia. 
Furthermore, the role of mitochondria in the redox imbalance reported in fibromyalgia also is controversial. We 
undertook this study to investigate the role of mitochondrial dysfunction, oxidative stress, and mitophagy in 
fibromyalgia.
Methods: We studied 20 patients (2 male, 18 female patients) from the database of the Sevillian Fibromyalgia 
Association and 10 healthy controls. We evaluated mitochondrial function in blood mononuclear cells from 
fibromyalgia patients measuring, coenzyme Q10 levels with high-performance liquid chromatography (HPLC), and 
mitochondrial membrane potential with flow cytometry. Oxidative stress was determined by measuring mitochondrial 
superoxide production with MitoSOX™ and lipid peroxidation in blood mononuclear cells and plasma from 
fibromyalgia patients. Autophagy activation was evaluated by quantifying the fluorescence intensity of LysoTracker™ 
Red staining of blood mononuclear cells. Mitophagy was confirmed by measuring citrate synthase activity and 
electron microscopy examination of blood mononuclear cells.
Results: We found reduced levels of coenzyme Q10, decreased mitochondrial membrane potential, increased levels of 
mitochondrial superoxide in blood mononuclear cells, and increased levels of lipid peroxidation in both blood 
mononuclear cells and plasma from fibromyalgia patients. Mitochondrial dysfunction was also associated with 
increased expression of autophagic genes and the elimination of dysfunctional mitochondria with mitophagy.
Conclusions: These findings may support the role of oxidative stress and mitophagy in the pathophysiology of 
fibromyalgia.
Introduction
Fibromyalgia (FM) is a common chronic pain syndrome
accompanied by other symptoms such as fatigue, headache,
sleep disturbances, and depression. It is diagnosed accord-
ing to the classification criteria established by the American
College of Rheumatology (ACR) [1]. Despite being a com-
mon disorder that affects at least 5 million individuals in the
United States [2], its pathogenic mechanism remains elu-
sive. Recently oxidative stress markers were proposed as a
relevant event in the pathogenesis of this disorder [3,4].
Previously, we detected decreased coenzyme Q10 (CoQ10)
levels and increased reactive oxygen species (ROS) produc-
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Page 2 of 11tion in blood mononuclear cells of FM patients, providing
direct evidence of increased oxidative stress at the cellular
level [5]. CoQ10 plays a crucial role in cellular metabolism,
acting as an electron carrier between complexes I and II and
complex III of the mitochondrial respiratory chain. CoQ10
also has been reported to play an important role in the regu-
lation of uncoupling proteins, mitochondrial permeability
transition pore, β-oxidation of fatty acids, and the nucle-
otide-biosynthesis pathway [6]. Moreover, CoQ10 levels
have been suggested to be useful as a mitochondrial-dys-
function marker [7]. CoQ10 deficiency induces decreased
activities of complex II + III, complex III and complex IV,
reduced expression of mitochondrial proteins involved in
oxidative phosphorylation, decreased mitochondrial mem-
brane potential, increased production of reactive oxygen
species (ROS), activation of mitochondrial permeability
transition (MPT), mitophagy of dysfunctional mitochon-
dria, and reduced growth rates [8,9].
The purpose of the present work was to assess the mito-
chondrial dysfunction in blood mononuclear cells of FM
patients and to elucidate whether mitochondrial disturbance
was involved in the pathophysiology of oxidative stress
present in FM.
Materials and methods
Patients and controls
The study was performed with the informed consent of all
participants and the approval of the local ethical committee.
We studied 20 patients (two male and 18 female patients)
recruited from the database of the Sevillian Fibromyalgia
Association (AFIBROSE) and 10 healthy controls (two
male and eight female patients). The diagnosis of FM was
established by an experienced rheumatologist according to
ACR criteria [1]. All patients and controls had not taken
any drug or vitamin/nutritional supplement during a 15-day
period before the collection of the blood samples.
Blood mononuclear cells cultures
Peripheral blood mononuclear cells (BMCs) were purified
from heparinized blood with isopycnic centrifugation by
using Histopaque-1119 and Histopaque-1077 (Sigma
Chemical Co., St. Louis, MO, USA). BMCs were cultured
at 37°C in a 5% CO2 atmosphere in RPMI-1640 medium
supplemented with L-glutamine, an antibiotic/antimycotic
solution (Sigma Chemical Co.), and 10% fetal bovine
serum.
Measurement of CoQ10 levels
CoQ10 contents in BMCs were analysed with HPLC (Beck-
man Coulter, Brea, CA, USA; 166-126 HPLC) with ultravi-
olet detection (275 nm), according to the method of
Montero and colleagues
Mitochondrial membrane potential (ΔΨm)
BMCs were cultured in six-well plates (35-mm diameter
well) until confluence. Mitotracker Red CMXRos (Invitro-
gen/Molecular Probes, Eugene, OR, USA) 100 nmol/L was
added and incubated for 30 min. Then cells were washed
and analyzed with flow cytometry.
Mitochondrial ROS production
Mitochondrial ROS generation in BMCs was assessed with
MitoSOX™ (Invitrogen/Molecular Probes, Eugene, OR,
USA) incubated with 1 μmol/L MitoSox for 30 min at 37°C
and washed twice with PBS. Cells were analyzed with flow
cytometry. To assay ROS production with antioxidants,
mononuclear cells were incubated 24 h with 10 μmol/L
CoQ10, 30 μmol/L α-tocopherol (α-toc), and 10 mmol/L N-
acetylcisteine (N-Acet; Sigma Chemical Co.).
Lipid peroxidation
TBARS (thiobarbituric acid reactive substances) levels in
plasma were determined by a method based on the reaction
with thiobarbituric acid at 90-100°C. Lipid peroxidation in
cells was determined by analyzing the accumulation of
lipoperoxides with a commercial kit from Cayman Chemi-
cal (Ann Arbor, Michigan, USA). TBARS are expressed in
terms of malondialdehyde (MDA) levels. In these assays,
an MDA standard is used to construct a standard curve
against which unknown samples can be plotted.
Loading of Lysotracker Red
BMCs were cultured in RPMI-1640 medium.
LysoTracker™ red (Invitrogen/Molecular Probes) (100
nmol/L), a cell-permeant fluorophore that typically concen-
trate in acidic vacuoles, was added to isolated BMCs from
control and FM patients. After 30 min, cells were washed,
and the red fluorescence of LysoTracker was quantified
with flow cytometry.
Real-time PCR
The expression of both MAP-LC3 and BECLIN 1 genes in
BMCs was analyzed with SYBR Green quantitative PCR
by using mRNA extracts and primers. Real-time BECLIN 1
primers 5'-GGA TGG ATG TGG AGA AAG GCA AG-3'
(forward primer) and 5'-TGA GGA CAC CCA AGC AAG
ACC-3' (reverse primer) amplify a sequence of 152 nucle-
otides. Human MAP-LC3 primers 5'-GCC TTC TTC CTG
CTG GTG AAC-3' (forward primer) and 5'-AGC CGT
CCT CGT CTT TCT CC-3' (reverse primer) amplify a
sequence of 91 nucleotides. Actin was used as a housekeep-
ing control gene.
Measurement of citrate synthase activity
The specific activity of citrate synthase in whole-cell
extracts prepared from BMCs was measured at 412 nm
minus 360 nm (13.6 mmol/L/cm) by using 5,5-dithio-bis(2-
nitrobenzoic acid) to detect free sulfhydryl groups in coen-
zyme A, as described previously [11].
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BMCs were fixed for 15 min with 2% glutaraldehyde in
culture medium and then for 30 min in 2% glutaraldehyde-
0.1 mol/L NaCacodylate/HCl, pH 7.4. Samples were pro-
cessed as described previously [9]. Observations were per-
formed on a Philips CM-10 transmission electron
microscope.
Statistical analysis
All results are expressed as mean ± SD, unless stated other-
wise. The unpaired Student's t test was used to evaluate the
significance of differences between groups. Statistical anal-
yses included Pearson's correlations between CoQ10 levels
and autophagic gene expression levels. The P values less
than 0.05 were considered significant.
Results
Mitochondrial dysfunction in FM
The mean age of patients was 50.8 ± 8.6 years for the FM
group and 49.1 ± 9.8 years for the control group. The mean
duration of symptoms in the FM group was 13.65 ± 9.19
years. The mean tender points in the FM group were 14.9 ±
3.1 points. The most prominent features of these FM
patients were pain and stiffness. They were sedentary peo-
ple. Routine laboratory tests yielded normal results for glu-
cose, urea, uric acid, total protein, creatinine, aspartate
aminotransferase, alanine aminotransferase, cholesterol,
and triglycerides (data not shown).
CoQ10 levels, determined in BMCs isolated from 20 FM
patients, were found to be about 40% lower than those in
control cells (Figure 1a). To examine further the mitochon-
drial dysfunction in BMCs from FM patients, we deter-
mined the mitochondrial membrane potential (ΔΨm) with
flow cytometry. Mitochondrial membrane potential was
significantly reduced by about 36% in BMCs from FM
patients (Figure 1b).
Oxidative stress in FM
Oxidative stress has been proposed as a relevant event in
the pathogenesis of FM [3,12]. In a previous work, we
showed the presence of high levels of ROS production in
the BMCs of FM patients [5]. To assess the mitochondrial
origin of ROS production, BMCs from FM patients and
controls were exposed to MitoSOX™, a red mitochondrial
superoxide indicator. Quantification of ROS production
with flow-cytometry analysis demonstrated a significant
increase in ROS production in mitochondria of BMCs from
FM patients with respect to control (Figure 2a). Addition-
ally, we determined lipid peroxidation as a marker of oxida-
tive stress-induced membrane damage by mitochondrial
ROS in BMCs and plasma from FM patients. On average,
FM patients showed a higher level of lipid peroxidation in
both cells and plasma with respect to control subjects (Fig-
ure 2b and 2c).
Further to examine the role of ROS generation in FM,
BMCs of one representative patient were incubated with
three antioxidants, CoQ10, α-toc, and N-Acet, and mito-
chondrial ROS production was examined (Figure 3). Only
lipophilic antioxidants, CoQ10 and α-toc, significantly
attenuated ROS production.
Autophagy in BMC from FM patients
Recently, it was demonstrated that CoQ10-deficient fibro-
blasts exhibit increased levels of lysosomal markers (β-
galactosidase, cathepsin, LC3, and Lyso Tracker) and
enhanced expression of autophagic genes at both transcrip-
tional and translational levels, indicating the presence of
autophagy [9]. To verify that CoQ10 deficiency also induces
activation of autophagy in BMCs from FM patients, we
first quantified levels of acidic vacuoles in BMCs by using
Lysotracker fluorescence and flow-cytometry analysis.
Acidic vacuoles were significantly increased in patient
BMCs with respect to controls (Figure 4a). To elucidate
whether autophagy in CoQ10-deficient BMCs could be mit-
igated by restoring mitochondrial functionality by CoQ10
supplementation, we cultured both control and patient
BMCs in the presence of CoQ10 (100 μmol/L) for 24 hours
and analyzed them by Lysotracker fluorescence. As is
shown in Figure 4b, CoQ10 supplementation drastically
reduced the intensity of Lysotracker fluorescence, indicat-
ing a reduction in lysosomal activity after CoQ10 treatment.
In addition, we analyzed the expression of genes involved
in autophagic processes, such as BECLIN 1 and MAP-LC3.
Figure 5a and 5b show that autophagic genes were overex-
pressed in BMCs of five of the eight patients tested as com-
pared with controls. FM patients with increased expression
of autophagic genes were those with a most pronounced
CoQ10 deficiency (P3, P5, P6, P7, P8). A negative correla-
tion was seen between the expression of autophagic genes
and CoQ10 levels (r = -0.80, P < 0.01 for BECLIN 1, and r =
-0.76, P < 0.001 for MAP-LC3) (Figure 5c).
To determine whether autophagy was specific for mito-
chondria, we first examined mitochondrial mass in BMCs
derived from FM patients. BMC extracts were prepared
from control and FM patients and analyzed for citrate syn-
thase activity. Citrate synthase is a mitochondrial matrix
protein whose activity has been shown to correlate well
with mitochondrial mass [13]. Figure 6a shows a statisti-
cally significant decrease in citrate synthase activity in
BMCs from FM patients compared with controls. The
reproducible reduction in citrate synthase activity indicates
a decrease in mitochondrial mass and suggests selective
degradation of mitochondria. To confirm the presence of
mitochondrial degradation or mitophagy in BMCs, we then
performed electron microscopy on control and patient
BMCs (Figure 6b and 6c. Figure 6c clearly shows the pres-
ence of autophagosomes in BMCs from a representative
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Figure 1 Coenzyme Q10 levels and mitochondrial membrane potential (ΔΨm) in blood mononuclear cells (BMCs) from fibromyalgia (FM) 
patients and healthy control subjects. (a) CoQ10 levels were measured with high-performance liquid chromatography, as described in Materials 
and Methods. Data represent the mean ± SD of three separate experiments. (b) Mitochondrial membrane potential was analyzed in BMCs from con-
trol subjects and FM patients with flow cytometry, as described in Materials and Methods. Data represent the mean ± SD of three separate experiments. 
*P < 0.001 between controls and FM patients.
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Figure 2 Reactive oxygen species (ROS) production and lipid peroxidation in fibromyalgia (FM) patients. (a) ROS production was analyzed in 
BMCs from control subjects and FM patients with flow cytometry, as described in Materials and Methods. Lipid peroxidation (MDA levels) in blood 
mononuclear cells (BMCs) (b) and plasma (c) from control subjects and FM patients were determined as described in Materials and Methods. Data 
represent the mean ± SD of three separate experiments. *P < 0.001 between controls and FM patients.
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chondria. In early autophagosomes, it can clearly be
observed that mitochondria are being degraded.
Discussion
Mitochondria generate energy primarily in the form of the
electrochemical proton gradient, which fuels ATP produc-
tion, ion transport, and metabolism. Mitochondria are also
the major source of ROS. Both complexes I and III, along
with CoQ10, leak electrons to oxygen [14-17].
CoQ10deficiency has been associated with a variety of
human disorders, some of them caused by a direct defect of
CoQ10 biosynthesis genes or as a secondary consequence of
other diseases [18,19]. Recent findings show that CoQ10
deficiency alters mitochondrial function and mitochondrial
respiratory complex organization, leading to increased ROS
generation, activation of MPT, and increased autophagy of
dysfunctional mitochondria by mitophagy [8,9]. In the pres-
ent study, we found that CoQ10-deficient BMCs in FM
patients showed high levels of ROS production in mito-
chondria and increased levels of lipid peroxidation in both
cells and plasma. In this respect, high levels of lipid peroxi-
dation and protein carbonyls [20,21] and disturbances in the
homeostasis of platelet ATP have been observed in FM
patients [22]. The fact that CoQ10 and α-toc, two lipophilic
antioxidants, significantly reduced mitochondrial ROS pro-
duction, also suggests that ROS are produced in the lipo-
philic environment of mitochondrial membranes and that
CoQ10 deficiency may be involved in oxidative stress in
FM.
If oxidative damage plays a role in FM through the acti-
vation of MPT and mitophagy, then therapeutic strategies
that reduce ROS may ameliorate the pathologic process.
What is the relation between oxidative stress and FM symp-
toms? Recent studies showed that oxidative stress can cause
peripheral and central sensitization and alter nociception
[23], resulting in hyperalgesia mediated by both local and
spinal oxidant mechanisms. Furthermore, oxidative stress is
increased in patients with chronic-fatigue syndrome
[24,25]. Superoxide plays a major role in the development
of pain through direct peripheral sensitization, the release
of various cytokines (for example, TNF-α, IL-1β, and IL-
6), the formation of peroxynitrite (ONOO-), and PARP acti-
vation [23]. In addition, studies on depression, a typical
symptom in FM patients, have elucidated the possible link
between depression and lipid peroxidation [26]. Lipid per-
oxidation may play an important role in depression, and the
peroxidation-reducing effect of different selective serotonin
reuptake inhibitors in major depression was demonstrated
by Bilici and associates [27].
In addition, and supporting the role of mitochondrial dys-
function, BMCs of FM patients showed a decrease of 36%
of mitochondrial membrane potential (ΔΨm), possibly
reflecting a reduced electron flow and proton pumping
caused by CoQ deficiency. Interestingly, a positive correla-
tion between the content of CoQ10 in BMCs and skeletal
muscle [28,29] was demonstrated; therefore, CoQ10 defi-
ciency and mitochondrial dysfunction can also be present in
other cells and tissues in FM patients. Furthermore, changes
in the morphology and number of mitochondria have been
Figure 3 Effect of antioxidants on reactive oxygen species (ROS) generation. Blood mononuclear cells (BMCs) of representative fibromyalgia 
(FM) patients were treated with 10 μmol/L CoQ10, 30 μmol/L α-tocopherol (α-toc), and 10 μmol/L N-acetylcysteine (N-Acet) for 24 h. Data represent 
the mean ± SD of three separate experiments. *P < 0.001 between controls and FM patients; **P < 0.005 between the absence or presence of CoQ10 
and α-toc treatment.
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gesting the role of mitochondrial dysfunction in this disor-
der. CoQ deficiency, mitochondrial dysfunction, and cell
bioenergetics alteration could also explain the low muscular
and aerobic capacity observed in some groups of FM
patients [33,34].
It has been proposed that ROS damage can induce MPT
by opening of permeability transition pores in the mito-
chondrial inner membrane [35-37]. This, in turn, leads to a
simultaneous collapse of mitochondrial membrane potential
and the elimination of dysfunctional mitochondria by
mitophagy. Our results support this hypothesis, showing the
presence of mitophagy in BMCs of FM patients.
Autophagy is a regulated lysosomal pathway involved in
the degradation and recycling of cytoplasmic materials [38-
42]. During autophagy, cytoplasmic materials are seques-
tered into double-membraned vesicles, 'autophagosomes',
which then fuse with lysosomes to form autolysosomes, in
which degradation of cellular structures occurs. Many cel-
lular stresses can cause induction of autophagy, such as
endoplasmic reticulum stress, mitochondrial dysfunction,
or oxidative stress [42-44]. 'Mitophagy' was coined to
describe the selective removal of mitochondria by
autophagy during development and under pathologic condi-
tions [36,45]. In our work, biochemical analysis of citrate
synthase indicated a depletion of mitochondrial mass, sug-
Figure 4 Autophagic markers in blood mononuclear cells (BMCs) from fibromyalgia (FM) patients. (a) Quantification of acidic vacuoles in con-
trol and patient BMCs by LysoTracker fluorescence and flow-cytometry analysis. (b) Reduction of LysoTracker fluorescence in BMCs from FM patients 
under CoQ10 supplementation (100 μmol/L) for 24 h. Data represent the mean ± SD of three separate experiments. *P < 0.001 between controls and 
FM patients.
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Figure 5 Autophagic genes expression. Expression levels of BECLIN 1 (a) and MAP-LC3 (b) transcripts in blood mononuclear cells (BMCs) from con-
trol and fibromyalgia (FM) patients were assessed with real-time polymerase chain reaction (PCR), as described in Materials and Methods. Data repre-
sent the mean ± SD of three separate experiments. *P < 0.001 between controls and FM patients. (c) Correlation of CoQ10 levels and BECLIN 1 and MAP-
LC3 expression levels in BMCs from FM patients.
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Figure 6 Mitophagy in fibromylagia (FM) patients. (a) Decreased mitochondrial mass in blood mononuclear cells (BMCs) from FM patients. Citrate 
synthase specific activity in BMCs from control and FM patients was performed, as described in Materials and Methods. Data represent the mean ± SD 
of three separate experiments. *P < 0.001 between control and FM patients. (b) Ultrastructure of BMCs from FM patients. The control BMCs show mi-
tochondria with a typical ultrastructure. Autophagosomes with mitochondria (arrows) were present in BMCs from a representative FM patient (P6); 
Bar = 1 μm.
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in BMCs from FM patients. These results were confirmed
with electron microscopy that clearly shows autophago-
somes where mitochondria are being degraded. Autophagy
can be beneficial for the cells by eliminating dysfunctional
mitochondria, but massive autophagy can promote cell
injury [41] and may contribute to the pathophysiology of
FM.
Conclusions
Our study supports the hypothesis that CoQ10 deficiency,
oxidative stress, and extensive mitophagy can contribute to
cell-bioenergetics imbalance, compromising cell function-
ality. Abnormal BMC performance can promote oxidative
stress and may contribute to altered nociception in FM.
Abbreviations
α-toc: α-tocopherol; BMCs: blood mononuclear cells; CoQ10: coenzyme Q10;
FM: fibromyalgia; MPT: mitochondrial permeability transition; ROS: reactive
oxygen species; TBARS: thiobarbituric acid reactive substances.
Competing interests
The authors declare that they have no competing interests.
Authors' contributions
MDC, MDM, AMNF, IMCL, and JGM carried out the biochemical studies. DC and
LGI carried out the electron microscopy studies. PB and FC participated in the
design of the study and performed the statistical analysis. PB, PN, and JASA
conceived of the study, participated in its design and coordination, and helped
to draft the manuscript. All authors read and approved the final manuscript.
Acknowledgements
This work was supported by grants FIS PI080500 and FIS EC08/00076, Ministe-
rio de Sanidad, Spain. The authors dedicate this manuscript to FM patients and 
AFIBROSE (Asociación de Fibromialgia de Sevilla) for their unconditional help.
Author Details
1Centro Andaluz de Biología del Desarrollo (CABD), Universidad Pablo de 
Olavide-CSIC, Ctra. de Utrera, km. 1, ISCIII, Sevilla 41013, Spain, 2Centro de 
Investigación Biomédica en Red de Enfermedades Raras (CIBERER), Universidad 
Pablo de Olavide-CSIC, Ctra. de Utrera, km. 1, ISCIII, Sevilla 41013, Spain, 3Dpto. 
Citología e Histología Normal y Patológica, Facultad de Medicina. Universidad 
de Sevilla, Avda. Dr. Fedriani s/n, Sevilla 41009, Spain, 4Departamento de 
Anatomía Patológica. Hospital Virgen del Rocío, Sevilla 41013, Spain, 5Dpto. de 
Medicina, Facultad de Medicina. Universidad de Sevilla, Avda. Dr. Fedriani s/n, 
Sevilla 41009, Spain, 6Distrito Sanitario Sevilla Sur., Facultad de Odontología, 
Universidad de Sevilla, Campus de los Perdigones, C/Avicena s/n, Sevilla 41009, 
Spain and 7Departamento de Periodontología, Facultad de Odontología, 
Universidad de Sevilla, Campus de los Perdigones, C/Avicena s/n, Sevilla 41009, 
Spain
References
1. Wolfe F, Smythe HA, Yunus MB, Bennett RM, Bombardier C, Goldenberg 
DL, Tugwell P, Campbell SM, Abeles M, Clark P, Fam AG, Farber SJ, 
Fiechtner JJ, Franklin CM, Gatter RA, Hamaty D, Lessard J, Lichtbroun AS, 
Masi AT, Mccain GA, Reynolds WJ, Romano TJ, Russell IJ, Sheon RP: The 
American College of Rheumatology 1990 criteria for the classification 
of fibromyalgia: report of the Multicenter Criteria Committee.  Arthritis 
Rheum 1990, 33:160-172.
2. Lawrence RC, Felson DT, Helmick CG, Arnold LM, Choi H, Deyo RA, Gabriel 
S, Hirsch R, Hochberg MC, Hunder GG, Jordan JM, Katz JN, Kremers HM, 
Wolfe F: Estimates of the prevalence of arthritis and other rheumatic 
conditions in the United States, Part II.  Arthritis Rheum 2008, 58:26-35.
3. Ozgocmen S, Ozyurt H, Sogut S, Akyol O: Current concepts in the 
pathophysiology of fibromyalgia: the potential role of oxidative stress 
and nitric oxide.  Rheumatol Int 2006, 26:585-597.
4. Pieczenik SR, Neustadt J: Mitochondrial dysfunction and molecular 
pathways of disease.  Exp Mol Pathol 2007, 83:84-92.
5. Cordero MD, Moreno-Fernandez AM, deMiguel M, Bonal P, Campa F, 
Jimenez-Jimenez LM, Ruiz-Losada A, Sanchez-Dominguez B, Sanchez 
Alcazar JA, Salviati L, Navas P: Coenzyme Q10 distribution in blood is 
altered in patients with fibromyalgia.  Clin Biochem 2009, 42:732-735.
6. Turunen M, Olsson J, Dallner G: Metabolism and function of coenzyme 
Q.  Biochim Biophys Acta 2004, 1660:171-199.
7. Haas RH, Parikh S, Falk MJ, Saneto RP, Wolf NI, Darin N, Wong LJ, Cohen BH, 
Naviaux RK: The in-depth evaluation of suspected mitochondrial 
disease.  Mol Genet Metab 2008, 94:16-37.
8. Quinzii CM, Lopez LC, Von-Moltke J, Naini A, Krishna S, Schuelke M, Salviati 
L, Navas P, Dimauro S, Hirano M: Respiratory chain dysfunction and 
oxidative stress correlate with severity of primary CoQ10 deficiency.  
FASEB J 2008, 22:1874-1885.
9. Rodriguez-Hernandez A, Cordero MD, Salviati L, Artuch R, Pineda M, 
Briones P, Gomez Izquierdo L, Cotan D, Navas P, Sanchez-Alcazar JA: 
Coenzyme Q deficiency triggers mitochondria degradation by 
mitophagy.  Autophagy 2009, 5:19-32.
10. Montero R, Sanchez-Alcazar JA, Briones P, Hernandez AR, Cordero MD, 
Trevisson E, Salviati L, Pineda M, Garcia-Cazorla A, Navas P, Artuch R: 
Analysis of coenzyme Q10 in muscle and fibroblasts for the diagnosis of 
CoQ10 deficiency syndromes.  Clin Biochem 2008, 41:697-700.
11. Trounce IA, Kim YL, Jun AS, Wallace DC: Assessment of mitochondrial 
oxidative phosphorylation in patient muscle biopsies, lymphoblasts, 
and transmitochondrial cell lines.  Methods Enzymol 1996, 264:484-509.
12. Bagis S, Tamer L, Sahin G, Bilgin R, Guler H, Ercan B, Erdogan C: Free 
radicals and antioxidants in primary fibromyalgia: an oxidative stress 
disorder?  Rheumatol Int 2005, 25:188-190.
13. Garrabou G, Soriano A, Lopez S, Guallar JP, Giralt M, Villarroya F, Martinez 
JA, Casademont J, Cardellach F, Mensa J, Miro O: Reversible inhibition of 
mitochondrial protein synthesis during linezolid-related 
hyperlactatemia.  Antimicrob Agents Chemother 2007, 51:962-967.
14. Addabbo F, Montagnani M, Goligorsky MS: Mitochondria and reactive 
oxygen species.  Hypertension 2009, 53:885-892.
15. Kowaltowski AJ, de Souza-Pinto NC, Castilho RF, Vercesi AE: Mitochondria 
and reactive oxygen species.  Free Radic Biol Med 2009, 47:333-343.
16. Lambert AJ, Brand MD: Reactive oxygen species production by 
mitochondria.  Methods Mol Biol 2009, 554:165-181.
17. Murphy MP: How mitochondria produce reactive oxygen species.  
Biochem J 2009, 417:1-13.
18. DiMauro S: Mitochondrial myopathies.  Curr Opin Rheumatol 2006, 
18:636-641.
19. Quinzii CM, DiMauro S, Hirano M: Human coenzyme Q10 deficiency.  
Neurochem Res 2007, 32:723-727.
20. Hein G, Franke S: Are advanced glycation end-product-modified 
proteins of pathogenetic importance in fibromyalgia?  Rheumatology 
(Oxford) 2002, 41:1163-1167.
21. Ozgocmen S, Ozyurt H, Sogut S, Akyol O, Ardicoglu O, Yildizhan H: 
Antioxidant status, lipid peroxidation and nitric oxide in fibromyalgia: 
etiologic and therapeutic concerns.  Rheumatol Int 2006, 26:598-603.
22. Bazzichi L, Giannaccini G, Betti L, Fabbrini L, Schmid L, Palego L, Giacomelli 
C, Rossi A, Giusti L, De Feo F, Giuliano T, Mascia G, Bombardieri S, 
Lucacchini A: ATP, calcium and magnesium levels in platelets of 
patients with primary fibromyalgia.  Clin Biochem 2008, 41:1084-1090.
23. Wang ZQ, Porreca F, Cuzzocrea S, Galen K, Lightfoot R, Masini E, Muscoli C, 
Mollace V, Ndengele M, Ischiropoulos H, Salvemini D: A newly identified 
role for superoxide in inflammatory pain.  J Pharmacol Exp Ther 2004, 
309:869-878.
24. Manuel y Keenoy B, Moorkens G, Vertommen J, De Leeuw I: Antioxidant 
status and lipoprotein peroxidation in chronic fatigue syndrome.  Life 
Sci 2001, 68:2037-2049.
25. Vecchiet J, Cipollone F, Falasca K, Mezzetti A, Pizzigallo E, Bucciarelli T, De 
Laurentis S, Affaitati G, De Cesare D, Giamberardino MA: Relationship 
between musculoskeletal symptoms and blood markers of oxidative 
Received: 6 November 2009 Revisions Requested: 6 January 2010 
Revised: 9 January 2010 Accepted: 28 January 2010 
Published: 28 January 2010
This article is available from: http://arthritis-research.com/content/12/1/R17© 2010 Sánchez Alcázar et al.; licensee B oMed Central, Ltd. is an open ccess a ticle distribu ed und r the erms of the Creative Commons Attribution License (http://creativcommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.Arthritis R search & Therapy 2010, 12:R17
Cordero et al. Arthritis Research & Therapy 2010, 12:R17
http://arthritis-research.com/content/12/1/R17
Page 11 of 11stress in patients with chronic fatigue syndrome.  Neurosci Lett 2003, 
335:151-154.
26. Evans PH: Free radicals in brain metabolism and pathology.  Br Med Bull 
1993, 49:577-587.
27. Bilici M, Efe H, Koroglu MA, Uydu HA, Bekaroglu M, Deger O: Antioxidative 
enzyme activities and lipid peroxidation in major depression: 
alterations by antidepressant treatments.  J Affect Disord 2001, 64:43-51.
28. Duncan AJ, Heales SJ, Mills K, Eaton S, Land JM, Hargreaves IP: 
Determination of coenzyme Q10 status in blood mononuclear cells, 
skeletal muscle, and plasma by HPLC with di-propoxy-coenzyme Q10 as 
an internal standard.  Clin Chem 2005, 51:2380-2382.
29. Land JM, Heales SJ, Duncan AJ, Hargreaves IP: Some observations upon 
biochemical causes of ataxia and a new disease entity ubiquinone, 
CoQ10 deficiency.  Neurochem Res 2007, 32:837-843.
30. Park JH, Niermann KJ, Olsen N: Evidence for metabolic abnormalities in 
the muscles of patients with fibromyalgia.  Curr Rheumatol Rep 2000, 
2:131-140.
31. Sprott H, Salemi S, Gay RE, Bradley LA, Alarcon GS, Oh SJ, Michel BA, Gay S: 
Increased DNA fragmentation and ultrastructural changes in 
fibromyalgic muscle fibres.  Ann Rheum Dis 2004, 63:245-251.
32. Yunus MB, Kalyan-Raman UP, Kalyan-Raman K: Primary fibromyalgia 
syndrome and myofascial pain syndrome: clinical features and muscle 
pathology.  Arch Phys Med Rehabil 1988, 69:451-454.
33. Bennett RM, Clark SR, Goldberg L, Nelson D, Bonafede RP, Porter J, Specht 
D: Aerobic fitness in patients with fibrositis: a controlled study of 
respiratory gas exchange and 133xenon clearance from exercising 
muscle.  Arthritis Rheum 1989, 32:454-460.
34. Jacobsen S, Danneskiold-Samsoe B: Dynamic muscular endurance in 
primary fibromyalgia compared with chronic myofascial pain 
syndrome.  Arch Phys Med Rehabil 1992, 73:170-173.
35. Kim I, Rodriguez-Enriquez S, Lemasters JJ: Selective degradation of 
mitochondria by mitophagy.  Arch Biochem Biophys 2007, 462:245-253.
36. Lemasters JJ: Selective mitochondrial autophagy, or mitophagy, as a 
targeted defense against oxidative stress, mitochondrial dysfunction, 
and aging.  Rejuvenation Res 2005, 8:3-5.
37. Rodriguez-Enriquez S, Kim I, Currin RT, Lemasters JJ: Tracker dyes to 
probe mitochondrial autophagy (mitophagy) in rat hepatocytes.  
Autophagy 2006, 2:39-46.
38. Baehrecke EH: Autophagy: dual roles in life and death?  Nat Rev Mol Cell 
Biol 2005, 6:505-510.
39. Codogno P, Meijer AJ: Autophagy and signaling: their role in cell 
survival and cell death.  Cell Death Differ 2005, 12(suppl 2):1509-1518.
40. Gozuacik D, Kimchi A: Autophagy as a cell death and tumor suppressor 
mechanism.  Oncogene 2004, 23:2891-2906.
41. Levine B, Yuan J: Autophagy in cell death: an innocent convict?  J Clin 
Invest 2005, 115:2679-2688.
42. Marino G, Lopez-Otin C: Autophagy: molecular mechanisms, 
physiological functions and relevance in human pathology.  Cell Mol 
Life Sci 2004, 61:1439-1454.
43. Matsui Y, Takagi H, Qu X, Abdellatif M, Sakoda H, Asano T, Levine B, 
Sadoshima J: Distinct roles of autophagy in the heart during ischemia 
and reperfusion: roles of AMP-activated protein kinase and Beclin 1 in 
mediating autophagy.  Circ Res 2007, 100:914-922.
44. Scherz-Shouval R, Shvets E, Fass E, Shorer H, Gil L, Elazar Z: Reactive 
oxygen species are essential for autophagy and specifically regulate 
the activity of Atg4.  EMBO J 2007, 26:1749-1760.
45. Tolkovsky AM: Mitophagy.  Biochim Biophys Acta 2009, 1793:1508-1515.
doi: 10.1186/ar2918
Cite this article as: Cordero et al., Mitochondrial dysfunction and mitophagy 
activation in blood mononuclear cells of fibromyalgia patients: implications 
in the pathogenesis of the disease Arthritis Research & Therapy 2010, 12:R17
